Abstract. Whistlers observed at Dunedin, New Zealand, are an enigma since they do not conform to the classical model of whistler production developed by Storey (1953) . It is generally accepted that the causative lightning stroke for a whistler observed on the ground at a particular location was located in the neighbourhood of the conjugate point, and generated an electromagnetic signal which propagated in a plasmaspheric duct stretched along a magnetic field line linking the two hemispheres. The causative stroke is thought to have occurred within reasonable proximity of one footpoint of this field line, while the observer was located in the vicinity of the other footpoint. Support for this model has come from a number of previous studies of whistler-lightning observations and whistler-induced particle precipitation. However, as demonstrated here, this model does not always apply.
Introduction
Whistlers are dispersed Very Low Frequency (VLF) (3-30kHz) emissions initiated in the brief electromagnetic pulse radiated by a lightning stroke. Within the Earth-ionosphere waveguide this pulse, or sferic, is not significantly dispersed and can travel considerable distances. Waveguide attenuation at 2kHz is in the range 15-30dB/Mm (Wait, 1962; Chapman et al., 1966; Bernstein et al., 1974) , where the upper limit applies during the day and the lower limit obtains at night. However, there also is a zonal propagation asymmetry: eastward propagation appears to suffer less attrition than westward (Crombie, 1963) .
Since the ionosphere is partially permeable to VLF waves, some portion of the sferic energy may penetrate upwards through the ionosphere and enter the magnetosphere. In the inhomogeneous and anisotropic magnetospheric plasma the waves propagate along the Earth's magnetic field lines in the whistler mode. When the waves reach the ionosphere in the conjugate hemisphere they are either reflected back into the magnetosphere or infiltrate the Earth-ionosphere waveguide, where they may be detected by receivers on the ground. The second eventuality only occurs if the waves are ducted through the magnetosphere in a field-aligned density irregularity.
Whistlers acquire their characteristic frequency-time structure as they propagate through the magnetospheric plasma by virtue of the dispersive nature of the whistler Published by Copernicus Publications on behalf of the European Geosciences Union. 
where µ is the refractive index, and are, respectively, the plasma-and gyrofrequency, ω is the wave frequency, and θ is the angle of propagation with respect to the static magnetic field. The derivation of Eq. (1) considers only the electron component of the plasma. Due to their substantially larger mass and lower gyrofrequency, ions do not contribute significantly to the whistler mode dispersion relation.
Since the whistler mode is dispersive, the propagation delay varies with frequency, transforming the initial pulse into a complex tone with a unique frequency-time signature. As the group speed is a function of both and , a whistler's dispersion is determined by the plasma density and magnetic field strength along the path traversed through the magnetosphere.
The condition cosθ − ω = 0 defines a resonance cone. Outside the resonance cone the refractive index is imaginary and propagation is evanescent. Waves propagating close to the resonance cone couple strongly with the quasielectrostatic lower hybrid mode. The lower hybrid resonance frequency is approximately the geometric mean of the electron and ion gyrofrequencies, which is substantially higher than the ion gyrofrequency (Smith and Brice, 1964) . At frequencies beneath the lower hybrid resonance the refractive index surface is closed and there is no resonance cone.
Due to the anisotropy in Eq.
(1), the path of a whistler is guided by the static magnetic field. While the direction of energy propagation conforms roughly to the magnetic field lines, it is possible that the wave normal vector may deviate quite substantially from alignment with the magnetic field (Maeda and Kimura, 1959) . In a dipole magnetic field, if the whistler is simply guided between hemispheres by the field there is a consistent poleward drift. As a result the L shell along which the whistler propagates can change. Furthermore, oblique propagation may lead to reflection of the whistler at an altitude above the ionosphere where its frequency matches the lower hybrid resonance frequency (e.g., Bortnik et al., 2003a,b; Shklyar et al., 2004) .
For typical and the ionosphere and plasmasphere have µ 1. Because the refractive index of the neutral atmosphere is µ ∼ 1, waves entering the ionosphere from below are refracted into a narrow transmission cone which lies close to the local atmosphere-ionosphere boundary normal (e.g., Santolík et al., 2009) . Apart from near dusk and dawn this boundary is roughly horizontal and the transmission cone is centred on the zenith. Similarly, the abrupt change in refractive index obstructs coupling from the magnetosphere into the waveguide because waves propagating at an oblique angle with respect to the vertical undergo total internal reflection. The half-width of the transmission cone is determined by µ in the ionosphere, and is generally in the range 2-3 • .
Ionospheric penetration is contingent upon the wave normal angle lying within this slender cone.
However, if, in addition, the waves are trapped within a field-aligned plasma density irregularity, or duct, then the wave normal direction is more strongly confined to the magnetic field, and there is a greater likelihood that the whistler will satisfy the transmission cone constraint, facilitating coupling through the ionosphere. Because they retain the smallest wave normal angles, almost all whistlers which are admitted into the waveguide in the conjugate hemisphere are ducted (Smith, 1961) . In the absence of a duct the waves are magnetospherically reflected near the lower hybrid resonance. Inan and Bell (1977) demonstrated that the plasmapause can also control the trajectory of waves through the magnetosphere.
The majority of lightning strokes generate an upgoing, embryonic whistler detectable on Low Earth Orbit (LEO) satellites with only limited dispersion (Hughes, 1981; Li et al., 1991; Hughes and Rice, 1997; Holzworth et al., 1999) . These whistlers are generally unducted and are thus not detected in the conjugate hemisphere. The observation of a whistler on the ground is thus determined by the presence of ducts suitably situated with respect to both the source lightning and the terrestrial receiver.
The intensity of lightning activity at a given location strongly influences the frequency of whistlers near the conjugate point. Although the majority of lightning is confined to the tropics (Christian et al., 2003) , these regions do not play a major role in generating whistlers at low L. Whistler observations near the geomagnetic equator are rare and there is evidence to suggest that a low-latitude cutoff exists (Koster and Storey, 1955; Rao et al., 1974; Helliwell, 1965; Thorne and Horne, 1994) . However, tropical lightning may act as a source for whistlers propagating along field lines at higher latitudes. Although the frequency of lightning decreases by about two orders of magnitude between the equator and 60 • latitude (Mackerras and Darveniza, 1994) , whistlers are most commonly observed by mid to high latitude receivers. Furthermore, Christian et al. (2003, Fig. 7a) found that the mean annual land to ocean flash ratio is around 10:1. Whistlers are thus more likely to originate from continental storms.
The nocturnal nature of whistlers is well known (Helliwell, 1965, p. 144) and may be attributed to the elevated transparency of the ionosphere at night. The principle source of transionospheric attenuation is electron-neutral collisions at altitudes below around 110-120km. During the day the ionosphere is effectively opaque to VLF due to absorption in the D region. At mid-latitudes attenuation is ∼ 10dB lower at night than during the day for frequencies around 2kHz (Helliwell, 1965, Fig. 3-35) . There is thus a clear diurnal variation in whistler activity, which generally peaks at night (e.g. Helliwell, 1965, Fig. 4-37) . The attenuation increases with frequency but decreases with geomagnetic latitude (Helliwell, 1965, Fig. 3-31) . The latitudinal dependence of ionospheric transparency may also play a role in reducing the A. B. Collier et al.: Dunedin whistlers and causative lightning 501 number of whistlers observed with diminishing geomagnetic latitude.
Collisional absorption is not the only source of ionospheric attenuation. Starks et al. (2008) and Lehtinen and Inan (2009) found that signals from terrestrial VLF transmitters measured at LEO were substantially weaker than predicted from sophisticated propagation models. The discrepancies were attributed to the presence of small-scale irregularities in the ionosphere. Earlier, Sonwalkar and Harikumar (2000) concluded that ducts at low latitude are ineffectual for whistler propagation since they lie within the ionosphere and are thus prone to similar irregularities. Parrot et al. (2007) observed perturbed ionospheric characteristics above the NWC transmitter and ascribed them to plasma heating. It is not inconceivable that a similar effect might occur above an intense thunderstorm. In addition, electrons precipitated by upgoing whistler mode waves also perturb the local ionosphere, and can be a significant source of ionisation at night Rodger et al., 2007) .
Whistler detection
The manual identification of whistlers in broadband VLF data is an extremely laborious procedure. However, the Automatic Whistler Detector (AWD) system developed at Eötvös University operates autonomously to distinguish whistlers in a continuous stream of VLF data. The AWD algorithm employs an idealised template whistler derived from a model which utilises Bernard's (1973) approximation.
The AWD operates in two stages. The first stage executes in real time, using a sliding window to inspect the broadband VLF data. If the window appears to contain a whistler then that portion of the data is retained for offline processing. The second stage, which does not function in real time, carefully scrutinises and validates all of the records retained by the first stage. If a whistler is indeed identified, then its time of arrival is recorded as the time at which the trace passes through ∼ 6kHz. If the extract does not actually contain a whistler then it is discarded, thereby eliminating many false positive events. If, however, the initial stage fails to identify a segment of data which does indeed contain a whistler then this sample is not retained or subjected to the stringent analysis of the second stage. There is thus still the possibility of false negative outcomes for whistlers which are too faint, submerged in noise or anomalous. The estimated efficiency of the two stages for whistler detection is around 95%.
The AWD system is not infallible and the first stage produces a significant proportion of false triggers. Lichtenberger et al. (2008) indicated a false-positive rate of between 20% and 50%, whereas Rodger et al. (2008) found that around 58% of the events identified by the first stage were fallacious. However, since the results of the second stage are of much higher fidelity, the spurious events from the first stage would not have an appreciable impact on the results of a statistical analysis.
A network of AWDs is currently being deployed around the globe . Efforts are presently being undertaken to upgrade the AWD software so that the systems can automatically scale the detected whistlers to produce plasmaspheric electron density parameters. The system incorporating the analysis component will be known as an Automatic Whistler Detector and Analyser (AWDA). Rodger et al. (2008) reported on recent whistler observations at Dunedin, New Zealand. Dunedin and its geomagnetic conjugate point are located far from strong lightning activity. However, historical surveys (Allcock, 1959; Helliwell, 1965) reported high whistler occurrence rates in the region, despite the scarcity of conjugate lightning. Using the conjugate lightning rate to predict the occurrence rate of onehop whistlers at Dunedin results in ∼ 0.00023min −1 , which is less than one whistler per day. The occurrence rate derived by Rodger et al. (2008) is 0.12min −1 , which is three orders of magnitude higher, comparable to that observed at other stations.
Dunedin whistlers
The novelty of the whistlers observed at Dunedin is best appreciated in contradistinction to observations made at Tihany, Hungary. Collier et al. (2006 Collier et al. ( , 2009 discussed the relationship between whistlers observed at Tihany and global lightning activity, finding that the majority of whistlers were associated with lightning strokes within about 1000km of the conjugate point but that only around one in every 375 strokes produced a whistler detectable on the ground. The frequency of lightning near Dunedin's conjugate point is around 1500 times less intense than that around the conjugate point of Tihany, yet the whistler detection rate at Dunedin is only about a factor of 3 smaller than that at Tihany. Dunedin whistlers are thus much more profuse than might be expected from conjugate lightning activity alone. The frequency of conjugate lightning is thus certainly not the only factor in determining whistler occurrence.
Data
The whistler data for Dunedin present a paradox: not only are whistlers hundreds of times more frequent than might be expected from the level of conjugate lightning activity, but they also occur most regularly during local daylight. The analysis presented here illuminates the most probable source region of Dunedin whistlers via a statistical comparison between whistler and global lightning data using the technique developed by Collier et al. (2009) . The whistler times used in this study were acquired using an AWD system . The template whistler has a nose frequency of 20kHz and covers the dispersion range D 0 = 40-100s 1/2 (Rodger et al., 2008) . The choice of this range is based on the average dispersion of D 0 = 60-65s 1/2 for whistlers recorded at Dunedin. A spectrogram of a whistler recorded at Dunedin is presented in Fig. 1 . Rodger et al. (2008) found that both low latitude (nose frequencies in the range 20-50kHz and D 0 = 50-60s 1/2 ) and mid-to high-latitude (nose frequencies from 5-10kHz and D 0 = 70-90s 1/2 ) whistlers were detected in Dunedin. The observed whistlers consisted of single traces, multiple stroke traces and multiple path traces, and covered a relatively large range of L from 1.6 to 3.9 (Rodger et al., 2008) .
Between 20 May 2005 and 13 April 2009, 717 546 whistlers were identified at Dunedin, an average of 504 per day, of which 80% occurred during the daytime. The events between 20 May 2005 and 15 September 2007 were manually validated. Of the 233 316 records captured by the Dunedin AWD, 98 446 were found to contain whistlers, giving a system accuracy of 42%, and hence a false trigger rate of 58%, in agreement with the earlier report of Rodger et al. (2008) . Subsequent analysis by the AWD second stage revealed 347 323 distinct whistler traces during this period. Based on the statistics presented by Rodger et al. (2008) , each record correctly identified by the first stage contains roughly 1.5 whistlers, each of which is composed of an average of 2.6 traces.
There is a clear seasonal variation reflected in the whistler rates presented in Table 1 , with a daily average of 494 in winter and 706 in summer. The peak during the Northern Hemisphere summer corresponds to the period of maximum lightning activity. The detailed composite of the diurnal and annual distribution of Dunedin whistler activity is plotted in Fig. 2 . This should be contrasted with Collier et al. (2006, Fig. 8b ) and the alternative representation of this information by Rodger et al. (2008, Figs. 5 and 6) . Although the whistler statistics do exhibit a large variance in daily count rates, so that, in principle, a few extraordinarily active days might distort the distribution in Fig. 2 , the general appearance is unaltered if only moderately active days are included in the statistics.
The seasonal variation shown in the Dunedin data is consistent with the annual cycle of lightning activity in the conjugate hemisphere. Northern Hemisphere lightning is most profuse in the summer, peaking during July and August (Christian et al., 2003, Fig. 7b ), corresponding to the annual maximum in Dunedin whistler activity.
The diurnal pattern of whistler observations at Tihany peaks between sunset and sunrise (Collier et al., 2006 (Collier et al., , 2009 , which is consistent with the accepted wisdom that whistlers are most commonly observed on the ground at night (Helliwell, 1965) . However, the diurnal distribution of Dunedin whistlers is at variance with expectations. The Dunedin whistler activity peaks around 15:00 LT (03:00 UTC), with high activity between roughly 11:00 and 18:00 LT. This is during daylight for both the receiver and conjugate point, when ionospheric absorption is at its highest. In addition to the pronounced peak during July, a broad enhancement extends over most of the rest of the year but this too is clearly confined to daylight hours.
The principal factors determining the seasonal and diurnal distribution of whistlers depicted in Fig. 2 are the spatial and temporal occurrence pattern of lightning and ducts. The characteristics of ducts also exhibit diurnal and seasonal changes, extending to lower altitudes at night and during winter and the equinoxes (Bernhardt and Park, 1977) . Furthermore, ducts have a typical lifetime of a few days or less (Bernhardt and Park, 1977; Hansen et al., 1983; Hayakawa et al., 1983) , and consequently the propensity of the magnetosphere to conduct whistlers between hemispheres varies over comparable time scales.
The fact that whistlers are most commonly observed at Dunedin during daylight indicates that they are anomalous (Rodger et al., 2008) , and suggests that the classical model of Storey (1953) might not apply. Furthermore, the diurnal variation of whistler occurrence at Dunedin is consistent with neither the daily pattern of lightning activity near the conjugate point nor the changes in ionospheric conductivity in this local time sector. Due to the restrictions on possible dispersion values, the traces identified by the AWD correspond to single hop whistlers and must thus be associated with lightning strokes in the Northern Hemisphere. Nonetheless, neither the high incidence of whistlers nor the local time at which whistlers are most common is consistent with a lightning source region located close to the conjugate point. However, the diurnal peak in whistler activity is coeval with maximum lightning activity in North America (Lay et al., 2007) . Rodger et al. (2008) suggested that the source lightning for the Dunedin whistlers might be over North America. This would require propagation in the waveguide over significant distances in either or both of the source or receiver hemisphere (Clilverd et al., 1992) . The most active day at Dunedin was 12 July 2008, when 15 218 whistlers were detected. The distribution of global lightning on that day is displayed in Fig. 3 . It is apparent that there is a paucity of lightning around Dunedin's conjugate point, but an abundance over equatorial and North America as well as the Maritime Continent. This immediately suggests that the causative lightning strokes for whistlers observed at Dunedin are not located close to the conjugate point, but must occur further afield.
Lightning data
At any instant up to 2000 thunderstorms are active over the surface of the Earth. Most of this activity is concentrated in the tropics over the land masses in South America, Africa and the Maritime Continent (Christian et al., 2003) . There is a well defined diurnal variation in global lightning activity which is dictated by the local diurnal cycle over each of these regions (Price, 1993) .
The spatial and temporal distribution of lightning activity may be studied using data from satellite sensors and terrestrial networks. The latter utilise time-of-arrival techniques and have traditionally operated at Medium Frequency (MF) (0.3-3MHz) and required a dense network of receivers to obtain either local or regional coverage. More extensive coverage has recently been achieved by the World Wide Lightning Location Network (WWLLN), which operates in the VLF range, where attenuation is low, and is thus able to detect global lightning activity with only a limited number of receivers (Dowden et al., , 2008a Lay et al., 2004) . MF networks use the leading edge of the sharp sferic impulse to calculate the time of arrival, while WWLLN employs the Time of Group Arrival (TOGA) technique (Dowden and where extensive propagation in the Earth-ionosphere waveguide smears the sferic out into a dispersed wave train with a duration ∼ 1ms. WWLLN operates exclusively on signals which have propagated in the waveguide mode, thereby avoiding the errors associated with mixing of skywave and groundwave signals (Dowden et al., 2008b) . Each stroke identified by WWLLN is assigned a time and location, where the temporal and spatial accuracies are ∼ 30µs and ∼ 10km respectively (Rodger et al., 2005) .
Between 2003 and 2006 the number of WWLLN stations increased from 11 to 28, while the annual number of lightning locations reported by the network increased from 14.2 million to 36.5 million. During the same interval both the triggering techniques used to identify sferics and the algorithm used to assimilate the sferic data have been improved several times. The global detection efficiency of the network has, as a result, improved significantly over the last few years. At this time it is not possible to correct for the changing efficiency of WWLLN. Indeed, even determining the global WWLLN detection efficiency is presently only at a case study stage (Rodger et al., 2006) . WWLLN seldom identifies strokes with peak current less than 25kA (Dowden et al., 2008a) . Lay et al. (2004) , using data from a local lightning detection network in Brazil, found the mean peak current for WWLLN events was between 70 and 80kA, which is appreciably above the average for global lightning activity. The bias towards lightning strokes carrying larger currents arises because, in order to provide an unambiguous lightning location, WWLLN requires TOGA information from at least five stations. The data therefore include a disproportionate number of intense lightning events.
Comparison with other lightning detection systems has established that WWLLN still provides a representative reflection of global lightning activity. Indeed, the global lightning distribution obtained from an analysis of WWLLN data (Rodger et al., 2006) is consistent with the definitive work of Christian et al. (2003) . The high threshold current resulted in a global detection efficiency of only around 2% for all strokes and 5% for cloud-to-ground (CG) strokes (Rodger et al., 2005 (Rodger et al., , 2006 Jacobson et al., 2006) . The detection efficiency of WWLLN varies both spatially and temporally as a result of the non-uniform distribution of receivers and the fact that not all of the receivers are operational at any given time. However, because of various recent enhancements, WWLLN global detection efficiency is now ∼ 5-6% for all strokes and ∼ 15% for CG strokes .
The low level of lightning activity around Dunedin's conjugate point is not an artifact of the non-uniform WWLLN receiver topology (the nearest station is in Seattle, Washington, some ∼ 3000km away) but reflects a genuine dearth of lightning in this region. The study of Christian et al. (2003) , using Optical Transient Detector (OTD) data, also recorded a paucity in lightning activity in this region. Lightning in the central north Pacific Ocean is most prevalent during the Northern Hemisphere autumn and winter and is generally associated with frontal systems travelling eastward (Christian et al., 2003) .
Data availability
As discussed by Collier et al. (2009) , since WWLLN consists of a network of distributed receiver nodes, it is difficult to objectively identify periods during which its operational integrity is compromised. As a result WWLLN is assumed to be fully functional for the full period of the analysis.
The performance of the AWD is readily determined from a detailed log of the recordings and simple heuristics. Figure 4 reflects the status of the Dunedin AWD. In contrast to the Tihany AWD, which during the initial stages of development performed rather erratically (Collier et al., 2009, Fig. 4) , this installation has operated almost continuously. During the period from 15 September 2007 to 1 November 2007 the hardware was damaged and subsequently replaced with a new system. The AWD efficacy varied in the range 55-100%, with a weighted average of 90% (95% for scalable and 80-85% for countable whistlers). The false-detection efficiency fell in the range 50-80% when the threshold was set to collect both scalable and countable whistlers. 
Analysis
Following the technique described by Collier et al. (2009) , the capacity of a given region of the globe to produce whistlers is assessed by performing a correlation between lightning occurrence within that region and whistler incidence at Dunedin. The objective of this analysis is to identify those portions of the globe for which this correlation is high. The lightning data were first projected onto a 3 • by 3 • spatial grid. The use of a relatively coarse grid ensures that the effects of spatial uncertainty in the WWLLN data are minimised. The whistler and lightning data sets were then prepared for the correlation analysis by dividing the time period between 20 May 2005 and 13 April 2009 into intervals of length t = 1min. The number of events during each interval was then determined. Finally, the event counts were reduced to Boolean values, simply indicating the presence or absence of activity, but not its absolute intensity.
This analysis procedure does not take into account the causal relationship between lightning and whistlers. A lightning stroke occurring after a whistler, but still within the same t = 1min interval, would still be associated with the whistler. In principle a more robust analysis might be carried out by identifying lightning strokes that occurred within a short period prior to the whistler. This would respect causality. However, the low efficiency of the WWLLN data renders this approach unfeasible since there is a relatively high probability that the causative stroke would not have been detected. The binning of the data into t = 1min segments therefore represents a compromise. However, should lightning data of higher fidelity become available then this alternative analysis is likely to yield improved results. Figure 5 displays the correlation between the whistler sequence at Dunedin and the lightning sequence in each of the grid cells spanning the globe. Data are plotted only for cells in which the correlation is significant at the α = 0.01 level. A preliminary examination of the data in Fig. 5 reveals that the correlation is:
1. generally close to zero; 2. roughly independent of latitude (there is a vague transition from negative to positive across the geomagnetic equator);
3. positive over a diffuse region in the north Pacific Ocean;
4. positive over a small region of Alaska close to the conjugate point;
5. maximised in a compact region located on the west coast of Central America, extending from just north of the geomagnetic equator to around L = 2. This region is associated with a moderately intense flash rate density of around 10-20km −2 year −1 (Christian et al., 2003) .
One might immediately hypothesise that the region on the west coast of Central America should encompass the majority of the causative lightning discharges, and it is thus proposed as the principal source region for whistlers detected at Dunedin. Certainly, the lightning activity on the west coast of North America is generally low and only increases across the border into Mexico (Christian et al., 2003, Fig. 4 ). In fact, there are two zones of intense lightning activity in this region (Christian et al., 2003, Fig. 4) : one extending west from Florida to Texas and the other in the region identified in Fig. 5 . Reference to Fig. 3 reveals the fact that the proposed source region was the location of copious lightning on the day of peak whistler incidence at Dunedin. This suggests that the enhanced correlation in this region might have been skewed by a few days with above average whistler activity. In order to assess the feasibility of this argument the calculation was repeated after removing the data for days with a whistler count in the top 10% quantile (days which have more that 1371 whistlers). This did not have a significant qualitative effect on the outcome. As progressively more days with above average whistler activity were removed from the analysis the importance of South America and the Maritime Continent became more apparent. Only after removing more than the top 50% quantile (more than 190 whistlers per day) were the results significantly altered. On this basis one might confidently assert that the results presented in Fig. 5 are robust and not unduly influenced by days on which bountiful whistlers were observed. Figure 5 reflects a subtle transition in the correlation across the geomagnetic equator. South of the equator the correlation is close to zero but generally negative, while north of the equator there are more extensive areas which are positively correlated with the Dunedin whistlers. This hemispheric dichotomy is caused by the seasonal distribution of lightning. Lightning activity in the Northern Hemisphere peaks during Boreal summer (June to August), when whistlers at Dunedin are most frequent. The prevalence of lightning in the Southern Hemisphere is maximised during the Austral summer (December to February), a period of infrequent whistler occurrence in Dunedin. Dunedin whistler activity is thus generally in phase with Northern Hemisphere lightning and in antiphase with Southern Hemisphere lightning. The deepest anticorrelations are to be found over the Maritime Continent in the vicinity of the Indochina Peninsula, Malaysia and Indonesia.
Diurnal variation
In order to determine whether there was a diurnal pattern in the correlation, the data were decomposed into 8 units corresponding to consecutive 3h intervals. The correlation analysis was then repeated with each unit, yielding the results displayed in Fig. 6 . Elevated correlation appears over the proposed source region between the hours of 21:00 and 06:00 UTC, which spans the interval of maximal whistler incidence at Dunedin. Different areas of positive correlation are evident at other times. Southern Africa might be implicated as a source of whistlers occurring between 15:00 and 21:00 UTC, which corresponds roughly to peak lightning activity in the African sector. There are areas in the north Pacific Ocean, just south of the conjugate point, which also display some positive correlation at various times through the day. This region falls in the Horse Latitudes, a subtropical ridge of high pressure associated with subsiding air at the interface between Hadley and Ferrel cells, in which consistently warm and dry conditions are accompanied by sparse precipitation. There are also other regions over South America, the western Pacific Ocean and the eastern border of Asia which display positive correlations at different times of the day. It is interesting that Southern Africa and South America appear to contribute positively during the same time of day, 15:00 to 21:00 UTC. It is not clear whether the sferics from these regions propagate sub-ionospherically to the Northern Hemisphere before entering the magnetosphere or if they propagate along ducts at low L, producing two-hop whistlers at Dunedin which still fall within the range of D 0 accepted by AWD. Thomson (1985) has demonstrated the feasibility of the first possibility, identifying the signal from the powerful NWC, Australia, transmitter which reached Dunedin by a path other than the direct great circle path, presumably being reflected off a mountain range in the Northern Hemisphere before being ducted back to the Southern Hemisphere.
During the interval from 21:00 to 03:00 UTC lightning around Florida also plays a role in whistler generation. However, the importance of this region declines until, from 03:00 to 06:00 UTC, its contribution is negligible compared to that of the proposed source region. During the Northern Hemisphere summer the interval from 21:00 until 03:00 UTC corresponds to the afternoon hours, during which there is ample lightning activity over the southern portion of North America. However, by 03:00 UTC this region is in darkness. At the peak time for whistler observation (July at around 03:00 UTC, according to Fig. 2) , the proposed source region has just passed into darkness.
Statistical significance
This analysis examines the correlation between time sequences which, in general, possess a relatively high degree of autocorrelation. The implications of finite autocorrelation were discussed by Collier et al. (2009) . Autocorrelation does not influence the value of the correlation coefficient but it does have an impact on the associated uncertainties. The credibility of the whistler-lightning correlation coefficients may be evaluated with reference to the associated p-values, which represent the probability of achieving results at least as extreme as those obtained assuming that the null hypothesis (no correlation) is, in fact, true. Figure 5 reflects only those cells which have p < 0.01, that is, correlation coefficients which are significant at the 1% level. There is still a 1% probability that by chance a pair of random sequences would yield a correlation exceeding a given value at the α = 0.01 significance level. However, the fact that elevated correlations are observed in a spatially contiguous region makes this contingency somewhat implausible. This is analogous to obtaining a significant correlation between random sequences several times in succession. null hypothesis. Locations which conform to this criterion for statistical significance occupy 56% of the area of the Earth's surface. This high degree of statistical significance is amply evident in the extensive distribution of data in Fig. 5 .
Discussion
It is generally believed that a region of limited extent around the conjugate point represents the area in which a whistler's causative lightning stroke is most likely to have been located. Certainly this is a reasonable assumption if there is an appreciable level of lightning activity in the vicinity of the conjugate point. But what might one surmise in the relative absence of conjugate lightning? Collier et al. (2009) demonstrated that the majority of whistlers observed at Tihany, Hungary, were associated with lightning activity within about 1000km of the conjugate point. The average lightning flash rate around Tihany's conjugate point is between 6 and 20km −2 year −1 (Christian et al., 2003) , which is appreciably higher than the global average flash rate of around 3km −2 year −1 .
The flash rate of between 0.01 and 0.1km −2 year −1 (Christian et al., 2003) near the conjugate point of Dunedin, New Zealand, is well below the global average. Yet the rate at which whistlers are observed at Dunedin is comparable to that at Tihany. This suggests that the causative strokes for the Dunedin whistlers do not occur around the conjugate point. A correlation analysis following the technique of Collier et al. (2009) has demonstrated that the region of highest correlation between Dunedin whistlers and global lightning occurs on the west coast of Central America, north of the geomagnetic equator. Rodger et al. (2008) previously hypothesised that the source of Dunedin whistlers was in North America.
Furthermore, a comparison of the diurnal patterns of whistler occurrence at Tihany and Dunedin immediately suggests that, while the former conform to the classical model of whistler generation, the latter are anomalous. Thus the fact that the causative strokes for the Dunedin whistlers are not clustered around the conjugate point should not be entirely unexpected.
Sferics can propagate enormous distances in the Earthionosphere waveguide with minimal attenuation. As a result the causative lightning stroke, the guiding magnetic field line and the receiver may be significantly displaced with respect to each other (Holzworth et al., 1999; Chum et al., 2006; Santolík et al., 2009) . Indeed the path through the magnetosphere need not have a footpoint at either the source or the receiver, but may be displaced with respect to both. Whistlers have been initiated by lightning strokes occurring more than 2000km from the duct footprint (Weidman et al., 1983; Carpenter and Orville, 1989; Li et al., 1991; Clilverd et al., 1992; Holzworth et al., 1999) . The Central American source region proposed above is thus certainly plausible. However, the question remains: along what magnetic meridian are the whistlers ducted? Do the sferics penetrate the ionosphere in the vicinity of the source, being subsequently ducted to the Southern Hemisphere before propagating to Dunedin within the Earth-ionosphere waveguide? Alternatively, does the bulk of the sub-ionospheric propagation occur from the source region to the proximity of Dunedin's conjugate point before the impulse enters the magnetosphere? Or, finally, a compromise, where sub-ionospheric propagation occurs both before and after the passage of the signal through the magnetosphere? It is not currently possible to make a definitive statement about which of these possibilities is valid. Their relative merits are discussed below. Clilverd et al. (1992) found that there were two preferred paths for the propagation of signals from the NLK (24.8kHz) transmitter in Seattle, Washington, to Dunedin. NLK is located some distance to the north west of the proposed source region, roughly half way to the conjugate point. Figure 8 reflects the lightning climatology derived from the combined LIS/OTD satellite data and indicates the two preferred paths identified by Clilverd et al. (1992) and their relationship to Dunedin and its conjugate point. The arrival bearing of the NLK signal at Dunedin exhibited a bimodal distribution, with peaks centred on 60 • and 110 • , implicating paths with exit points to the east of Dunedin. The entry points for these paths were found to be located to the west (close to Dunedin's conjugate) and south (near the transmitter) of NLK respectively. The occurrence of the latter path presented an annual variation, being most common in May and least common in November, while the former path was perennially active. Neither of the paths was located at the L of the source or receiver, probably due to the equatorial halfgyrofrequency cutoff for the 24.8kHz at L 2.6. These observations are broadly consistent with those of Allcock and McNeill (1966) , who found that the NLK signal observed at Wellington, New Zealand, was most likely to propagate along ducts at either the magnetic longitude of the source or the receiver. Shimakura et al. (1987) and Ladwig and Hughes (1989) found that transmission loss was minimised for paths aligned with the source or receiver magnetic meridian. These observations suggest that the whistlers originating from lightning strokes on the west coast of Central America either enter a duct close to the source region or near to the conjugate point. Is it possible to discriminate between these two options? There are two principle considerations: the relative attenuation incurred along each of these paths and the applicable conditions for refraction between the Earthionosphere waveguide and magnetospheric ducts.
The relative importance of transionospheric absorption and attenuation due to propagation in the Earth-ionosphere waveguide (a graphic comparison is presented by Smith and Jenkins, 1998, Fig. 2) may play a role in determining which is the most likely path between hemispheres. The absorption induced by the passage of a signal through the ionosphere depends on geomagnetic latitude, decreasing as one approaches the magnetic poles (Helliwell, 1965) . The proposed source region has a magnetic latitude of λ m ≈ 30 • . According to Helliwell (1965, Figs. 3-35) , the ionospheric attenuation of a 2kHz signal at this latitude is ∼ 4dB at night and ∼ 19dB during the day. Similarly, at Dunedin's conjugate point, located at λ m ≈ 55 • , a 2kHz signal experiences ∼ 2dB and ∼ 11dB ionospheric attenuation during the night and day respectively. If one takes a point at P = 20 • N 255 • E as representative of the source region, then the conjugate location is at P = 35 • S 244 • E. The distance from P to Dunedin is around 6150km, while the distance from P to Dunedin's conjugate point is about 6330km. Therefore, in terms of the distance which the signal must propagate in the Earthionosphere waveguide, there is little to choose between the two options. However, the illumination of these two paths is significant. Since the waveguide attenuation differs by around 3dB/Mm between day and night (Helliwell, 1965, p. 144) , a path of 6000km leads to a difference in attenuation of roughly 18dB. Both P and the path from P to Dunedin are in darkness at the time of peak whistler occurrence, while most of the path from P to Dunedin's conjugate is illuminated. Consequently the total transionospheric attenuations for the two paths are 8dB (4dB at each footpoint) and 22dB (11dB at each footpoint), respectively, while the latter also incurs an extra 18dB in the waveguide. Therefore consideration of both transionospheric and waveguide attenuation appears to strongly favour a duct closer to the source.
The refraction of waves between the Earth-ionosphere waveguide and magnetospheric ducts is contingent upon an overlap between transmission and trapping cones (Helliwell, 1965, Figs. 3-21 and 3-22) . Based on a simple coupling model (Helliwell, 1965, Fig. 3-23) , lightning strokes at a magnetic latitude higher than that of the duct footpoint are most likely to produce whistlers. Certainly, both Yoshino (1976) and Collier et al. (2006) found that the causative lightning strokes were displaced poleward from the duct footpoint. These factors limit the efficacy of sferics propagating from the proposed source region towards Dunedin's A. B. Collier et al.: Dunedin whistlers and causative lightning conjugate point at higher magnetic latitude, again advocating a duct proximate to the source.
There is evidence to suggest that a low-latitude cutoff exists for whistlers at geomagnetic latitudes below ∼ 15 • (equivalent to L ∼ 1.1) (Rao et al., 1974; Thorne and Horne, 1994) . This may be due to the paucity and limited degree of enhancement (Andrews, 1978; Clilverd and Horne, 1996) of ducts at low latitudes. Certainly at such low L the field lines barely penetrate the plasmasphere and lie mainly within the ionosphere. Furthermore, at low magnetic latitudes the overlap between transmission and trapping cones is small or completely absent. A limited fraction of the wave energy may thus be refracted across the ionospheric boundary, and then, only provided that there is a sufficient range of wave normal angles present. However, since the proposed source region only extends down to L ∼ 1.2, these considerations are not too stringent and one cannot discount the possibility of ducting near the source on these grounds alone.
Broadband recordings made in Dunedin during a case study period in July 2007 produced 141 whistlers which were suitable for directional analysis. These whistlers were found predominantly during local daytime and are thus representative of the broader dataset used in this study. In order to provide a good quality direction analysis, the events selected were traces that had only mild noise interference from sferics. Two thirds of the case study whistlers were found to arrive in Dunedin with angles of 40 • to 60 • relative to the magnetically aligned east-west loop. Using a local declination of 25 • , this range corresponds to bearings between 55 • and 75 • . Certainly the case study is strongly suggestive of our whistlers coming via the first of the two preferred paths suggested by Clilverd et al. (1992) . While there was no evidence of the second favoured path reported by Clilverd et al. (1992) , this could be due to our experimental technique. The Dunedin AWD triggers only off the north-south loop observations, and the 110 • bearing path is essentially perpendicular to this loop. Nonetheless, this case study is consistent with a lightning source in Central America leading to whistlers observed in Dunedin, following propagation through a duct located in the mid-Pacific Ocean. More detailed direction finding work, employing vertical electric field measurements to avoid bearing ambiguity, should shed further light on this.
It is interesting to speculate about the fact that the other zone of intense lightning activity in North America, located between Florida and Texas, does not appear to contribute appreciably to Dunedin whistlers. This region is fractionally further (a few 10km) from Dunedin's conjugate, and is conjugate to an area which is somewhat closer (a couple of 100km) to Dunedin, so there is little to distinguish between them in terms of waveguide propagation.
Although the vigorous lightning centred over the Maritime Continent is more distant from the conjugate point than Central America, it is rather perplexing that this area does not play a more active role in producing whistlers at Dunedin.
Certainly it is closer to the geomagnetic equator, but if extensive waveguide propagation is allowed prior to entering the magnetosphere then this factor should not be significant. In light of the asymmetry in zonal propagation within the waveguide (Crombie, 1963) , one would have anticipated that regions west of the conjugate would be more effective than those to the east.
Combining the whistler-derived plasmaspheric electron densities from the AWDA network with field line resonance observations (e.g., Menk et al., 2004) will allow determination of the plasmaspheric composition (Denton et al., 2004) , and how it varies with local time. However, in order to derive a reasonable local time dependence, it is necessary to determine the magnetic meridian long which the whistlers propagate and hence what portion of the plasmasphere is being sampled. In the case of Tihany, the majority of the whistlers appear to propagate more or less directly from the conjugate region. However, this is clearly not the case for whistlers observed at Dunedin. Identification of the source lightning that produces the Dunedin whistlers should help clarify this conundrum.
Conclusions
The use of whistlers as passive probes of the magnetosphere has produced numerous insights into the Earth's near-space environment (Sazhin et al., 1992) , for example, the discovery of the outer boundary of the plasmasphere (Carpenter, 1963) . The salient information acquired from whistler analysis is plasma density as a function of L. However, a reasonable interpretation of such data can only be made if one is able to determine the magnetic meridian, and hence magnetic local time, of the path that the whistler traversed through the magnetosphere. If the causative lightning stroke and the VLF receiver are approximately conjugate to each other then it is not unreasonable to assume that the magnetospheric path roughly links these two locations. However, if this is not the case then the interpretation of the density profile is confounded.
Tihany and Dunedin represent diametrically opposed scenarios in terms of conjugate lightning activity: whereas the former has abundant lightning around the conjugate point, the latter has virtually none. Furthermore the diurnal pattern of whistler occurrence at the two locations is also disparate: whereas Tihany whistlers are mostly observed at night, Dunedin whistler occurrence peaks during the day. Collier et al. (2009) demonstrated that the majority of Tihany whistlers were associated with lightning strokes in the vicinity of the conjugate point. The results presented here imply that whistlers observed in Dunedin are most highly correlated with lightning activity on the west coast of Central America. A source region significantly displaced relative to the conjugate point is, however, not inconceivable: Collier et al. (2009) found that some portion of the whistlers observed at Tihany may have originated from lightning strokes over South America and the Maritime Continent, both of which are remote from the conjugate point. In this regard it might prove illuminating to compare the distribution of whistler intensities at Dunedin and Tihany, taking into account the typical power of lightning discharges in their respective source regions. However, the systematic determination of whistler intensities is a non-trivial problem owing to the fact that there are generally sferics superimposed upon the whistler signals. Although the two sets of waveforms are not inextricably mixed, their separation in either the time or frequency domain is an intricate problem. Furthermore, whereas the whistlers detected at Tihany are generally isolated traces, the Dunedin whistlers are usually comprised of groups of multiple traces, which would also confound an equitable comparison.
The fact that Dunedin experiences an abundance of whistlers despite the paucity of lightning around the conjugate point suggests that either there is something rather unique about the location or that one should expect copious whistlers at all locations with L 2.75.
In the case of whistlers observed at Dunedin it appears that the majority of the causative lightning strokes are located on the west coast of Central America, so that the source and receiver are separated by around 67 • of magnetic longitude or, equivalently, 4.5h of MLT. Therefore, in order to achieve a critical interpretation of density profiles derived from the Dunedin whistlers it is necessary to determine whether they were ducted close to the magnetic meridian of the source or receiver, or indeed along an intermediate path. It is probable that a direction-finding analysis would at least partially resolve this issue.
In generating the data depicted in Fig. 5 it was assumed that no external factors influenced the correlation between lightning and whistlers. However, it is quite conceivable that exogenous influences, such as the level of solar or geomagnetic activity, might bias the results. This bias might be quantified by performing a partial correlation analysis which isolates the effects of any such controlling factors.
The results presented here introduce a new paradigm for whistler generation: lightning strokes produce whistlers even if they occur at a significant distance from the conjugate point. This idea was already alluded to by Collier et al. (2009) , but supporting evidence has now been firmly established. Although contrary to the original model of Storey (1953) , this broader scenario for whistler production is consistent with the fact that sferics propagate tremendous distances in the Earth-ionosphere waveguide.
